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I. INTRODUCTION

I
N the past few years, there has been an increase in the number of grid connected converter interfaced generation (CIG) sources to meet renewable portfolio standards. The bulk power system presently has a small penetration of CIG. However as the penetration increases, it is important to be able to study the impact of such fast acting sources on the stability of the system. Since it is not possible to carry out a detailed microsecond time step simulation of large power systems with CIG, dynamic models have to be developed to represent the behavior of the converter accurately in positive sequence transient stability simulations.
There are several articles in literature which address dynamic performance of power systems with CIG. Tackling a hybrid microgrid, [1] explores the mechanism of automatic frequency and voltage control in an islanded microgrid while highlighting the derated operation of the renewable energy source to bring about a reserve margin. With an increased penetration of CIG in the transmission system, it would be worthwhile to have these sources contribute to the frequency recovery following large The authors are with the School of Electrical, Computer, and Energy Engineering, Arizona State University, Tempe, AZ 85281 USA (e-mail: dramasu1@asu.edu; ziweiyu@asu.edu; rayyanar@asu.edu; vijay.vittal@asu. edu; jundrill@q.com).
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Digital Object Identifier 10.1109/TPWRS.2016.2551223 disturbances. Reference [2] presents a few of the key issues that surround this issue. The authors mention the necessity of designing primary and secondary frequency response control loops which would act in the presence of minimal storage devices. Additionally, concerns have been raised about the lack of accurate dynamic models to represent these sources. Other papers, [3] - [6] , have tackled the issue of wind turbine generators participating in system frequency regulation. These papers discuss a variety of control mechanisms and strategies specific to wind turbines. Their testing and validation have however been performed only on small systems. The replacement of conventional synchronous machines by CIG necessitates the transfer of primary and secondary frequency control methodologies to CIG. Applying droop control to converters within a microgrid for primary frequency regulation has been discussed in [7] - [13] while the use of energy storage devices to support frequency regulation and analysis on the best return of investment methodology has been discussed in [14] - [17] .
With the consideration of a large system for analysis, namely the Western Electricity Coordinating Council (WECC) system, [18] examined the impact of CIG on the small signal and transient stability. A portion of the conventional generation was replaced to include these sources. However, they were added only to those parts of the system that contained relatively large amounts of conventional generation. It has also been assumed that the reactive power support decreases with increase in CIG as most of the sources are rooftop PV which are not allowed to regulate voltage as per the existing grid code. The utility scale PV sources however provide reactive power support. The analysis has been carried out with a maximum renewable resource penetration of 20%. Further, the PV sources were assumed to operate in a constant power mode without the presence of droop control.
This paper describes a positive sequence converter model developed for the purpose of coupling CIG into the standard production version of a large scale grid simulation. While the modeling of converters at the point-on-wave level and the "average voltage" level is well established [19] , difficulties arise in coupling many established converter models into the network modeling of large scale grid simulation programs.
The positive sequence converter model for a CIG developed in this paper makes use of and demonstrates the effect of the fast maneuvering capability of a CIG on the power system. When connected to the network through converters, sources like solar, wind and batteries can very quickly provide frequency and voltage support upon the occurrence of a disturbance.
The convergence properties of the network solution in conjunction with the boundary conditions imposed by loads and converter coupled devices is strongly influenced by the form in which the boundary condition is expressed [20] - [22] . The models described in [23] , [24] (henceforth referred to as boundary current representation) form the converter boundary conditions as a nonlinear algebraic relationship between complex power and the current and voltage phasors at the point of connection. In contrast, the model described in this paper is interfaced with the network by a Thévenin voltage source. This approach has given good convergence of the network solutions in our simulations. Additionally, it will be shown that the boundary current representation is unable to capture the near instantaneous response possible from controlled converters. Many research efforts are now tackling the task of improving the representation of CIG in positive sequence time domain simulations [25] .
Converters, in practice, are voltage sources which generate an ac side voltage by manipulating the switching of the solid state switches. In the proposed Thévenin representation, the current injected into the network is now due to the generated voltage and the terminal voltage on the network side of the coupling inductor. It will be shown that this explicit representation of the coupling inductor directly impacts the behavior of the converter at the instant of disturbance.
Applications of this proposed model in simulations of the WECC system at the 18,000 bus level, to illustrate its performance, are shown in this paper. In addition, simulations conducted with this proposed controlled voltage source representation are shown in comparison with point-on-wave simulations to provide a calibration. The point-on-wave simulations were made with the PLECS [26] software package using established modeling of internal aspects of converters.
It must be emphasized here that the focus of this paper is on the development of a positive sequence model to represent the converter in simulation studies. The control architecture used to generate the commands for the converter is a simple and generic control structure since a wide range of control techniques exist in practice which vary with the type of energy source and the manufacturer of the associated equipment. Thus, in order to avoid resemblance with any particular type of control structure, a simple generic control has been used to achieve the required goal of generating the commands for the proposed converter model.
The remainder of the paper is organized as follows: Section II describes the development of the converter model along with its associated control architecture. Section III shows the behavior of the developed model in commercial software on an all CIG system and a large power network. Section IV summarizes the need for the controlled voltage source representation while Section V concludes the paper.
II. CONVERTER MODEL
A. Proposed Converter Model
In this paper, a controlled voltage source representation of the converter is proposed to incorporate the effect of the converter coupling inductance. This representation captures the near instantaneous response that can be achieved from converter interfaced sources. As the converter is practically a controlled ac voltage source with a voltage source on the dc side, the converter is modeled as a Thévenin voltage source described by Fig. 1 and (1) 
The impedance R f + jX f represents the coupling inductance which can be either a filter inductor or a transformer while E and δ represent the magnitude and angle of the developed converter voltage. 
B. PLECS Model for Calibration
The positive sequence model was calibrated by comparing its results with results from a point on wave simulation program, PLECS. In the PLECS simulation, the pulse width modulated voltage source was represented by three amplitude and phase modulated sinusoidal voltage sources connected phase to neutral. This representation of the converter can be referred to as an average model [19] . The inner current control loop uses the generated current commands as shown in Fig. 2 to synthesize the reference voltage wave to be developed by the converter. While the fast inner current control loops are required in the electromagnetic transient simulation, this detail of modeling the voltage source converter and its control is however not suitable for the transient stability simulation of large networks as it would require a smaller simulation time step to accurately capture the inner loop behavior and this would considerably increase the time duration of simulation. Due to the effect of grid impedance on the operation of the inner current control loop [27] , a wide variety of inner current control loops are used in practical inverters with the common characteristic of response times that are very fast in relation to the bandwidth proposed for grid level controls. Accordingly, for the positive sequence grid level model used in this paper, simple time constants represented as T D and T Q with a value of 10 ms each represent the behavior of the inner control loops. This is a conservative estimate as in practice, these inner control loops may have a quicker response time. The time constants T ed and T eq also have a conservative value of 10 ms each and represent the delay in the pulse width modulation/switching process. Again, in reality, this value could be lower than 10 ms.
C. The Converter Interface
The converter model described by [23] , [24] uses a boundary current interface between the converter model and the network as shown in Fig. 3 . It is shown in the next section that this representation of the converter does not depict the near instantaneous response that can be achieved from a CIG. With a projected increase in CIG penetration in large systems, the ability of the CIG to provide a near instantaneous response to a disturbance can prove beneficial to the system and the positive sequence simulation model should be able to capture this feature.
The converter model proposed in this paper in Section II-A is interfaced with the network solution by a Thévenin voltage source which is a simple function of the state variables of the model and has a constant value from one iteration of the network solution to the next. This form of interface avoids the numerical convergence issues that can arise [20] - [22] when the model establishes a boundary condition based on the network solution.
D. Generic Control Structure
In order to generate the current commands I Q c m d and I P c m d a generic control structure as shown in Fig. 4 has been used. Due to the presence of a wide variety of proprietary vendor specific control structures, a simple generic control structure has been used in order to avoid conflict with any particular type of control structure.
The effective real power order [see Fig. 4(b) ] is a combination of the power setpoint and the active power droop coefficient while the reactive power order [see Fig. 4(a) ] is obtained from the voltage error along with a reactive power droop. The QV droop is instrumental in obtaining a stable operation between converters when multiple converters are connected to the same bus. The active power droop coefficient is denoted as R p and the reactive power droop coefficient is denoted as R q . The equa- tions describing the behavior of the controller are given by (2) to (11) 
Limits have been imposed on the maximum active and reactive power and minimum reactive power deliverable. The methodology behind obtaining a numerical value for the limits has been described in the Appendix. The next section describes the results of the implementation of the converter model shown in Fig. 1 on a three machine nine bus equivalent system and the 18,205 bus WECC system.
III. SIMULATION AND RESULTS
A. Justification of Value of Inner Current Loop Time Constants
To justify the use of a 10 ms time constant to represent the inner control loop (T D and T Q ), a simple test network was set up in PLECS with a 247 MVA converter connected through a coupling reactor of 0.06 p.u., a step up transformer of Fig. 5 . The subscript indicates the factor by which the original gain was multiplied. The active power setpoint of the converter was at 80 MW. From the figure it can be seen that the magnitude of the near instantaneous response of the converter is controllable by adjusting the proportional gain of the PI controller. It can also be seen that irrespective of the value of the proportional gain, the response trend is similar 10 ms after the occurrence of the disturbance. The near instantaneous rise and subsequent settling of the converter current can also be observed from the plots of the three phase currents as seen in Fig. 6 . These figures showcase the fast maneuvering capability of a CIG.
While conducting positive sequence simulations, the standard time step of integration is taken as a quarter cycle of a 60 Hz sine wave. With this time step, it is impossible to accurately depict the same response as obtained in Fig. 5 . However, for the purpose of studying the behavior of the converter in a large system, it is sufficient for the response from the positive sequence software to have the same form as that obtained from the PLECS response within the bandwidth of the grid simulation. This validates the usage of the 10 ms time constant to represent the inner control loop. Further, for calibration and comparison, the pro- portional gain in PLECS was suitably chosen as will be shown in the following section.
The proposed positive sequence converter model (see Section II-A) and the boundary current converter model (see Section II-C) were implemented with the "user written model" feature of the large scale grid simulation program PSLF [28] for further comparison of performance. A user written model in PSLF is known as an "epcgen" model wherein the mathematical model of the generation source is developed using PSLF's EPCL programming language.
B. Small Scale System-Validation of Results
A three machine nine bus equivalent system [29] shown in Fig. 7 was used to validate the performance of the developed converter model along with its associated control in PSLF. The behavior of this model to an increase in load was compared with its behavior in PLECS for the same disturbance. Simultaneously, the behavior of the proposed controlled voltage source converter model was also compared with the existing boundary current representation converter model. With the loads treated as constant admittance, the load at bus 6 was increased by 10 MW at t = 5 s. The proportional and integral gains of the PI controller in the reactive power loop were taken as 4.0 and 20.0 respectively while the integral gains K ip and K iq were each 10.0. The value of R p was taken to be 0.05 p.u. on a 100 MVA system base while R q was taken as 0.0. The value of R f was taken to be 0.0025 p.u. while X f was taken to be 0.06 p.u. on the converter MVA base. In this paper, the value of X f was chosen to restrict the current ripple to a maximum of 5% and limit the THD in voltage to 3%.
In the first scenario, only the machine at bus 1 was replaced with a converter while the machines at buses 2 and 3 were retained as synchronous machines with associated governors and static exciter models. Fig. 8 shows the active power output of the converter at bus 1. The PLECS response has been compared with both the voltage and boundary current representation of the converter in positive sequence. The inset shows the response of the models at the instant of disturbance. It can be seen that both the proposed controlled voltage source representation of the converter model and the PLECS response capture the near instantaneous response achievable by the converter while the boundary current representation is unable to do so. The difference in the peak value between the voltage source representation response and the PLECS response can be attributed to the fact that the time step of simulation is much smaller in PLECS which allows for the change in the internally generated converter voltage upon recognition of the disturbance. In the positive sequence simulation however, at the instant of disturbance, the internally generated converter voltage is constant while the terminal voltage changes.
The instantaneous three phase voltage and current waves at the converter terminals are as shown in Figs. 9 and 10 respectively. These figures show that there is a negligible change in the terminal voltage while the converter current rises near instantaneously to meet the demand. The magnitude of the converter current output from PLECS is compared with the positive sequence simulations as shown in Fig. 11 . It can be seen that the near instantaneous response achievable by the converter is captured by voltage source representation of the converter. The reactive power response is shown in Fig. 12 . It can be immediately observed from this figure that the voltage source representation response is the more acceptable positive sequence phasor approximation to the point on wave simulation. From the inset of the figure it can be seen that the reactive power trajectory of the boundary current simulation is evidently In order to examine an all CIG system, the machines at buses 2 and 3 were also replaced with both forms of the positive sequence converter model. The instantaneous rise in the active power of the voltage source representation can be calculated on the same lines as the distribution of impact calculation for synchronous machines.
Based on the electrical distance between the internal voltage source of the converter and the disturbance point, the instantaneous response of a converter at bus i for an impact at bus k can be obtained as
where
and P L Δ (0 + ) is the load impact at bus k. The entire derivation of (12) is available in [29] .
For the same load increase of 10 MW at bus 6, the active power output from the converters is as shown in Fig. 13 while Fig. 14 shows the reactive power output. With the final steady state values being almost the same, the behavior of the models at the instant of disturbance becomes the deciding factor. It can be seen that in an all CIG system too, the boundary current representation response instantaneously moves in a direction opposite to what would be expected while the response from the voltage source representation is as expected and it conforms to (12) . It has thus been established that the voltage source representation of the converter is the more appropriate representation in positive sequence phasor simulations of large systems. 
C. Large Scale System-Economy of Computation
To ensure that this model is practical in a large scale system, the WECC 2012 system has been used. While at this stage it is not important to test the performance of this model relative to the conventional representation of machines, it is important to test the robustness and numerical behavior of the model when a large number of converters are present in the system. This system has 18,205 buses, 13,670 lines and 2592 generators. The total generation is 176 GW while the total load is 169 GW. To obtain a sizable presence of converters, all the generators in the Arizona and Southern California area (528 units) were replaced with converters represented by the proposed voltage source representation (see Section II-A). This accounted for 24.3% of the total system generation with 25.6 GW in Arizona and 17 GW in Southern California. A similar study has been reported in [30] wherein the penetration over the entire system was taken to be as high as 53%. The distribution of such sources was however spread out across the entire system and not concentrated in one region as examined in this paper. Further, in [30] the concentrating solar power plants were modeled as synchronous machines while the wind and the utility scale photovoltaic plants were modeled as full four quadrant converters represented as a boundary current representation.
At t = 15 s, two of the Palo Verde units were tripped resulting in a generation outage of 2755 MW. Fig. 15 shows the power output from the remaining sources in the Arizona area when all machines were replaced with converters. For each converter, the value of the droop coefficient R p was taken to be the same as that used by the governor of the synchronous machine it replaced while R q was taken to be 0.05 p.u. on the converter MVA base. The reactive power PI controller gains of all converters were set to K p = 1.0 and K i = 5.0 while the integral gains K ip and K iq had a value of 10.0 each. The value of R f and X f were taken as 0.004 and 0.05 p.u. on the converter MVA base. It can be observed from the figure that the simulation is numerically stable and the response is consistent with expectations. The effect on the adjacent area of Southern California is shown in Fig. 16 . The effect of this generation outage on the flow of power between these two areas is as shown in Fig. 17 while the system frequency plot is shown in Fig. 18 . The fast action of the converters can be observed from the frequency response when compared to the response with all units represented as conventional synchronous machines. The presence of voltage control on all CIG units results in a different steady state loading thus resulting in a different steady state frequency.
In terms of computation time, PSLF took 7:04 min to run this 60 s simulation with the first 20 s of simulation taking 1:52 min. In comparison to this, when all machines were represented as conventional generators, the same 60 s simulation took 6:41 min with the first 20 s of simulation being completed in 1:39 min. Both simulations were run on a machine with an i7 processor and 16.0 GB of RAM with a simulation time step of 0.0041 s.
The behavior of the system following the occurrence of a line fault was tested next. A three phase fault was applied on a tie line between Arizona and Southern California at t = 15 s. Subsequently, at t = 15.05 s, the breakers at both ends of the line were opened. The initial flow on the line was 1408.6 MW It should be noted that only the voltage source representation of the converter was able to function reliably following the fault. The boundary current representation of the converters resulted in frequent non convergence issues with regard to the network solution following the occurrence of the fault as it was unable to represent the near instantaneous response available from CIG to a disturbance.
The third test carried out on the WECC system was applying a bus fault for 0.1 s at t = 15 s near the Four Corners generation plant in the Arizona area. The active power and terminal voltage of one of the units is as shown in Figs. 21 and 22 . From the active power plot the familiar damped rotor angle oscillations can be observed from the output of the synchronous machine. In addition, it can also be seen that a large electronic source brings about a highly damped response. However, the voltage dip in the converter response is smaller than that of the corresponding synchronous machine. The value of the coupling inductor X f along with the absence of a sub-transient capability influences the magnitude of this dip in voltage. The magnitude of the converter current for the voltage source representation is as shown in Fig. 23 . The current is well within its short time current rating of 1.7 p.u. It has also been observed that for few other significant bus faults, the network solution diverges when the boundary current representation is used.
IV. NOTE ON BOUNDARY CURRENT REPRESENTATION
In order to study the effect of a large penetration of CIG in power systems, it is very important that the computer simulation models have a reliable representation of the converter. It has been shown in this paper that the boundary current representation is not a suitable representation due to the following reasons:
1) It is unable to capture the near instantaneous response that can be achieved by a CIG following a disturbance. 2) The initial change of the reactive power trajectory does not conform with the expected change.
3) The absence of the coupling inductor results in a larger voltage dip as compared to the voltage source representation and the PLECS response. 4) The network solution fails to converge for simulations of certain contingencies in large systems. In each case mentioned above, the voltage source representation is consistent with the properties of these devices and is thus a more appropriate approximation of the electromagnetic transient model for positive sequence simulations.
V. CONCLUSION
This paper has addressed the issue of development of practical dynamic models to represent the behavior of converter based sources in positive sequence commercial software. A simple control structure has been used to take care of both active and reactive power control in a straightforward manner and a voltage source representation of the converter has been proposed. The development of this converter model has been calibrated by comparison to a detailed electromagnetic transient model. It has also been shown that CIG modeled in this manner have a significant effect on the system response to a disturbance and these models have been shown to behave in a satisfactory manner in a large realistic system. However, as the location of connection of the CIG to the network and its energy source play a role in its response, future research work is required to exactly determine the value of the time constants in the positive sequence model to exactly match the response from the electromagnetic transient program.
APPENDIX
In choosing the limits for reactive and active power, it has been assumed that the converter can withstand an instantaneous MVA of 1.7 times its rating. Further, it has been assumed that at a terminal voltage level of 0.75 p.u., the minimum operable power factor is 0.4. As the voltage dips, the limits on the converter control will change to allow for more reactive power to be delivered while curtailing the active power delivered to meet the MVA rating. Though a terminal voltage of 0.75 p.u. has been chosen as the minimum voltage, the maximum deliverable reactive power is maintained constant for voltages below 0.8 p.u. as shown in Fig. 24 . The value of q max 1 is taken from the power flow but is assumed to be the value of maximum re-active power at a voltage level of 1.0 p.u. The value of q max 2 is obtained as given by (14) q max 2 = (1.7 * MV A) 2 1 + 1 tan cos −1 0.4 2 .
Therefore, at any voltage level V t above 0.8 p.u., the value of q max is obtained from Fig. 24 while p max is obtained to maintain an MVA of 1.7 * MVA rated .
